We present a new three-dimensional potential energy surface (PES) for the NH(X 3 Σ − )-Ne van der Waals system, which explicitly takes into account the NH vibrational motion. Ab initio calculations of the NH-Ne PES were carried out using the open-shell single-and double-excitation coupled cluster approach with non-iterative perturbational treatment of triple excitations [RCCSD(T)]. The augmented correlation-consistent quadruple zeta (aug-cc-pVQZ) basis set was employed. Mid-bond functions were also included in order to improve the accuracy in the van der Waals well. Using this new PES, we have studied the collisional excitation of NH(X 3 Σ − ) by Ne. Close-coupling calculations of the collisional excitation cross sections of the fine-structure levels of NH by Ne are performed for energies up to 3000 cm −1 , which yield, after thermal average, rate coefficients up to 350 K. The propensity rules between fine-structure levels are reported, and it is found that F-conserving cross sections are larger than F-changing cross sections even if the propensity rules are not as strong as for the NH-He system. The calculated rate coefficients are compared with available experimental measurements at room temperature and a fairly good agreement is found between experimental and theoretical data, confirming the good quality of the scattering calculations and also the accuracy of the potential energy surface used in this work. C 2015 AIP Publishing LLC. [http://dx
I. INTRODUCTION
The understanding of weak intermolecular interactions is a long-standing goal in chemical physics. van der Waals complexes are supposed to play a crucial role in many cases (intermediates in chemical reactions, intermediates between condensed and gas phase) and their study is necessary to analyze many chemical processes of importance for various fields such as fundamental chemistry, astrophysics, atmospheric physics, or biochemistry. In this context, the complexes of NH molecule with rare gases or small molecules have played a central role in the understanding of van der Waals interactions. Indeed, the van der Waals interactions of NH with rare gases [1] [2] [3] [4] and small molecules [5] [6] [7] have been the object of detailed and careful theoretical and experimental studies over the past decades. Systematic investigations of the complexes of NH with Ar, He, and Ne or with small molecules such as NH or N 2 have yielded considerable information on structure and internal dynamics of van der Waals complexes.
NH molecules can also be considered as prototypes for studies of inelastic collisions involving diatomic species. Their large rotational energy level spacings make them well suited for state resolved scattering experiments as well as for quantum scattering calculations. Ro-vibrational energy transfer in NH due to collisions with rare gases and/or small molecules has been the object of constant and detailed attention. State-to-state rate coefficients for collisions of NH(X 3 Σ − ) with partners like He, 8 Ne, 9 Ar 10 were measured a) Electronic mail: francois.lique@univ-lehavre.fr at room temperature. There is also a great deal of theoretical studies focused on the NH molecule colliding with Ar 11 and He [12] [13] [14] [15] atoms. The knowledge of the factors governing the magnitude of the cross sections and rate coefficients and their dependency upon the quantum numbers of the initial and final states have led to detailed understanding of collisional processes.
Moreover, an important effort is devoted to the creation of ultracold molecules that may lead to controlled chemistry and one way to create these molecules is sympathetic cooling with a buffer gas (usually He gas). 16 Among the diatomic molecules, the NH(X 3 Σ − ) is of particular interest and NH is then very often used as a prototype for studies of ultracold molecules 17 due to the magnetic moment of the 3 Σ − ground electronic state.
In this paper, we focus on the collisional excitation of NH by Ne that can be of interest for, for example, interpreting future NH crossed beam experiments. To the best of our knowledge, no theoretical collisional data exist for the finestructure excitation of the NH(X 3 Σ − ) by Ne atom. Within the Born-Oppenheimer approximation, the study of inelastic collisions requires two steps: (i) the calculation of an ab initio potential energy surface (PES) between the particles in collision and (ii) the study of the dynamics of nuclei on this surface.
In 2005, Kerenskaya et al. 3 studied the NH(X 3 Σ − )-Ne van der Waals complex in order to interpret A 3 Π-X 3 Σ − transitions in NH/D-Ne complexes. Highly accurate ab initio methods were used to characterize the complex and determine the equilibrium geometry as well as its well depth. However, the global PES was not computed for very short intermolecular distances whereas collisional excitation calculations require to propagate the scattering wavefunctions from such distances. In addition, the NH vibrational motion was frozen during the ab initio calculations. Hence, we have decided to compute a new ab initio PES for the NH(X 3 Σ − )-Ne van der Waals complex which explicitly takes into account the NH vibrational motion.
Then, we report the first fully quantum close-coupling (CC) calculations of rotational inelastic cross sections of NH(X 3 Σ − ) in collision with Ne. Scattering calculations are performed with molecular rotational levels split by spin rotation coupling using a set of experimentally determined NH parameters. We also provide the temperature dependence of the fine-structure resolved rate coefficients.
The paper is organized as follows: Secs. II and III present the calculation of the new NH-Ne PES and describe the scattering calculations, respectively. In Sec. IV, we present the results and we compare them with the available experimental data in Sec. V. Concluding remarks are drawn in Sec. VI.
II. POTENTIAL ENERGY SURFACE
Recent studies 18, 19 have shown the importance of using three dimensional PES for studying the collisional excitation of light molecular hydrides by structureless atoms, even if only the pure rotational excitation is considered. Then, we have decided to compute a new NH-Ne PES that take into account the intermolecular distance of the diatomic.
The two interacting species are considered in their ground electronic states NH( 3 Σ − ) and Ne( 1 S). The ground electronic state of the NH-Ne van der Waals system is a 3 A ′′ state. The Jacobi coordinate system used in this work is shown in Fig. 1 20,21 level of theory using MOLPRO 2010 package. 22 In order to determine the interaction potential, V (R, θ,r), the basis set superposition error (BSSE) was corrected at all geometries using the Boys and Bernardi counterpoise scheme,
where the energies of the NH and Ne monomers are computed in a full basis set of the complex. The three dimensional (3D) ab initio PES was computed using the augmented correlation-consistent quadruple zeta (aug-cc-pVQZ) basis sets of Dunning and co-workers. 24, 25 Mid-bond functions optimized by Cybulski and Toczyłowski 26 were placed at mid-distance between the NH c.m. and Ne in order to improve the accuracy in the potential well.
For a van der Waals system, where the ground state is well described by a predominant single configuration at all computed geometries, this level of theory is expected to yield very reliable results. For systems like CN-He 27 NH-He, 14 PES calculated at similar levels of accuracy has been able to reproduce well the experiments. The radial scattering coordinate R was assigned 35 values from 20.0 bohrs to 3.0 bohrs, the θ grid ranged from 0
• to 180
• in steps of 15
• . An analytic representation of the 3D interaction potential was obtained following the method developed by Werner et al.:
where the d l+m−1 m,0 (cos θ) are reduced Wigner rotation matrix elements. N max equals the number of NH bond distances, L max equals the number of angles θ for which the potential was calculated and m = 0. r e is the equilibrium distance of NH (r e = 1.95 bohrs). The analytic potential was found to reproduce the calculated energies quite well. Over the entire grid, the mean difference between the analytic fit and the ab initio computed interaction energies is less than 1%. The PES is available from author upon request. Kalugina et al. 18 have shown that averaging of the PES over corresponding vibrational level v leads to a better agreement with experimental results than using a 2-dimensional (2D) PES. The NH-Ne PES, which takes into account the stretching of the NH molecule, can then be averaged over any vibrational state up to v = 2. The averaging is done using the following formula:
The NH vibrational wavefunction |v(r)⟩ was evaluated using discrete variable representation (DVR) method 29 from ab initio calculations of the NH potential function using the internally contracted multireference configuration interaction (MRCI) 30 level and a large aug-cc-pV5Z atomic basis set. Figure 2 depicts the 2D contour plot of our 3D PES averaged over the ground vibrational state v = 0 as a function of R and θ. For this weakly bound system, the global minimum in the interaction energy was found to be 42.33 cm −1 (R = 6.33 bohrs, θ = 114.5
• ). It is interesting to compare our new ab initio PES with the state-of-the-art NH-Ne PES previously published. 3 Kerenskaya et al. 3 determined the NH-Ne interaction at the RCCSD(T) levels using an aug-cc-pV6Z basis set augmented by mid-bond functions. In their calculations, these authors fixed the NH intermolecular distance at a value of 1.95 bohrs. The position (R = 6.46 bohrs and θ = 116.3
• ) and well depth (42.3 cm −1 ) of their PES are in very good agreement with the position of our minimum (R = 6.33 bohrs and θ = 116.5
• ) and well depth (42.37 cm −1 ) for r NH = 1.95 bohrs. The overall agreement between their PES and the present one is a confirmation of the high accuracy of our calculations.
III. SCATTERING CALCULATIONS
In the NH( 3 Σ − ) electronic ground state, the rotational levels are split by spin-rotation coupling. In the intermediate coupling scheme, the rotational wavefunction of NH can be written for j ≥ 1 as 31,32
where |N, S jm⟩ denotes pure Hund's case (b) basis functions and the mixing angle α is obtained by diagonalisation of the molecular Hamiltonian. In this relation corresponding to the Hund's case (b), the total molecular angular momentum j is defined by
where N and S are the nuclear rotational and the electronic spin angular momenta. In the pure Hund's case (b) limit, α → 0, the F 1 level corresponds to N = j − 1 and the F 3 level to N = j + 1. Energy levels were computed with the use of spectroscopical constants of Balmark et al. 33 The energies of the first 25 fine-structure levels of NH are given in Ref. 14.
The levels in the spin multiplets are usually labeled by the nuclear rotational quantum number N [corresponding to the Hund's case (b) limit] and the spectroscopic index F i and this notation will be used hereafter.
The detailed description of the CC calculations that consider the fine structure levels of the projectile is given in Ref. 32 . The quantal coupled equations were solved in the intermediate coupling scheme using the MOLSCAT code 34 modified to take into account the fine structure of the energy levels. In the scattering calculations, we used the NH-Ne PES averaged over the ground vibrational wavefunctions (see above).
We used a total energy grid with a variable step. For the energies below 1250 cm −1 , the step was equal to 1 cm −1 , then, between 1250 and 1500 cm −1 it was increased to 5 cm −1 , and to 20 and 50 cm −1 for energy intervals 1500-2000 cm
and 2000-3000 cm −1 , respectively. Using this energy grid, the TABLE I. Comparison between cross sections (in Å 2 ) obtained from 2D (PES for a fixed internuclear r NH distance) and 3D approach (3D PES averaged over the ground NH vibrational wavefunction). "dif" indicates the differences (in %) between the two sets of results, the 3D results being the reference. resonances (shape and Feshbach) that may appear in the cross sections at low energies were correctly represented. In order to ensure convergence of the inelastic cross sections, it is necessary to include in the calculations several energetically inaccessible (closed) levels. At the largest energies considered in this work, the NH rotational basis was extended to N = 12 to ensure convergence of the rotational cross sections between levels with N ≤ 8. One also needs to converge inelastic cross sections with respect to partial waves. The total angular momentum quantum number J needed for the convergence was set up to 163 for the inelastic cross sections.
FIG. 3. Collisional excitation cross sections of NH by Ne from
Moreover, in MOLSCAT, it is necessary to adjust propagator's parameters in order to ensure convergence of cross sections calculations. For all the energies, the minimum and maximum integration distances were R min = 3.0 a 0 and R max = 40 a 0 , respectively. The STEPS parameter was adjusted for each value of energy in order to obtain a step length of the integrator sufficient to ensure convergence of the calculations. In our work, the total energy varies between 32 and 3000 cm −1 and the value of the STEPS parameter decreases with increasing energy (from 20 to 8 for our energy range). The reduced mass of the NH-Ne system is µ = 8.6078 amu.
FIG. 4. Thermal dependence of the rate coefficients of NH by Ne from
By averaging over a Maxwellian distribution of collision velocities, we can use the calculated CC excitation cross sections to obtain thermal rate coefficients for excitation and de-excitation transitions between fine-structure levels of NH, 
IV. RESULTS

A. 2D vs. 3D averaged PES
In addition to the calculations described above, we also performed calculations at selected energies using the new PES for a fixed internuclear r NH distance. We have chosen to fix the NH internuclear separation at a value of r NH = 1.99 a 0 corresponding to the ground state vibrationally averaged value. Table I shows a comparison between cross sections obtained from the two sets of calculations.
As one can see, there are differences between the two sets of results. The differences increase with decreasing energies and can be as large as 20%-30% at low energies. Then, we confirm that vibrational effects can be important in the case of rotational excitation of light hydride molecules for which the anisotropy of the PES is large with respect to intermolecular distance. Indeed, in their study of the OH-He collisions, Kalugina et al. 18 have also shown such effects and found that the vibrationally averaged PES reproduces the experimental results significantly better than 2D PES. Using a vibrationally averaged PES seems necessary for obtaining accurate cross sections and rate coefficients that can match with experimental data. Such conclusions also fully support our choice of computing a 3D PES. There are noticeable resonances appearing at low collisional energies. This is related to the presence of an attractive potential well of a depth of ≃42 cm −1 , which allows for the Ne atom to be temporarily trapped there and hence quasi-bound states to be formed before the complex dissociates. 35, 36 However, few resonances are seen in the excitation cross sections since the energy spacing between two rotational levels is generally large in comparison to the well depth of the NH-Ne PES.
B. Integral cross sections
The cross sections shown in Fig. 3 exhibit further interesting features that have important consequences on the magnitude of fine-structure-resolved cross sections: 
and N = 7, F 3 levels at the room temperature (300 K).
(i) The cross sections decrease with increasing ∆N, which is the usual trend for rotational excitation. In addition, even ∆N transitions are favored over odd ∆N transitions. This is a consequence of near-homonuclearity of the PES. (ii) A propensity rule exists for F-conserving transitions (∆ j = ∆N in the case of pure Hund's case (b)). 
C. Rate coefficients
By performing a thermal average of the collision energy dependent cross sections obtained for the first 25 fine-structure NH levels, we obtain rate coefficients for temperatures up to 350 K.
The thermal dependence of the state-to-state rate coefficients is illustrated in Fig. 4 for transitions out of the N = 0, j = 1, F 1 level.
The rate coefficients obviously display the same propensity rules as seen in the integral cross sections. In particular, the rate coefficients for F-conserving transitions are generally larger than those for F-changing transitions.
In Fig. 5 , we plot the rate coefficients for ∆N = N ′ − N = 1, F i → F ′ i transitions at 300 K. Fig. 5 confirms the propensity in favor of F-conserving transitions despite the propensity rules are less marked than for the NH-He system.
14 Indeed, for transitions implying the first rotational states, the rate coefficients for F-changing transitions can be as large as those for F-conserving transitions. This can be explained by a non-negligible mixing angle α for these levels confirming that a pure hund case (b) approach would not be valid for the NH molecule.
However, as the competition between F-changing and F-conserving transitions is more marked than for the NH-He system, this behavior cannot be only explained by the presence of the NH target. The large well depth of the NH-Ne PES compared to that of the NH-He PES (43 cm −1 vs. 19 cm −1 ) enables an easier re-orientation of the spin during the collisions leading to stronger F-changing transitions.
For the F-changing transitions, the F 1 → F 3 rate coefficients are smaller than the F 1 → F 2 transitions and of the same order of magnitude than the F 2 → F 3 transitions.
V. COMPARISON WITH EXPERIMENTS
The calculated rate coefficients at 300 K can be compared to the experimental results of Rinnenthal and Gericke. 9 In Table II , we compare, as a function of the initial nuclear rotation quantum number N, the theoretical and experimental sum over all rate coefficients out of the N, F i states.
One can see a reasonable agreement between the theoretical and experimental data. The total theoretical and experimental rate coefficients display a similar dependence with the N rotational levels.
In Fig. 6 , we compare the calculated and experimental 9 state-to-state rate coefficients from the N = 0, F 3 , and N = 7, F 3 levels. The main features seen in the experiments are correctly reproduced by the theoretical results:
• The order of magnitude of the theoretical and experimental rate coefficients for F-conserving and F-changing transitions is similar.
• The rate coefficients for F-conserving transitions are larger than those for F-changing transitions.
• The rate coefficients decrease with increasing ∆N.
This overall agreement confirms the relative accuracy of the scattering calculations and NH-Ne PES.
However, when looking at individual state-to-state rate coefficients, one can see that significant differences (larger than an order of magnitude for the smallest one) exist between the theoretical and experimental results. The discrepancies can be attributed, possibly, to slight inaccuracies in the ab initio PES, especially in the repulsive wall.
However, the large differences are somewhat surprising taking into account the accuracy of the present theoretical approach. This kind of theoretical modeling has been shown to yield accurate results for other systems such as CN-He 27 or OH-He. 18 Hence, we can legitimately raise questions about the accuracy of the experimental results. Indeed, the experimental rate coefficients do not fulfill the detailed balance and some of the rate coefficients have not been directly measured but inferred through a master equation [Eq. (8) 
VI. CONCLUSION
We have used quantum scattering calculations to investigate rotational energy transfer in collisions of NH(X 3 Σ − ) with Ne atoms. The calculations are based on a new, highly correlated 3D PES calculated at the RCCSD(T) level using large basis sets. Cross sections were obtained for collision energies up to 3000 cm −1 . We found that, when using the rigid rotor approach, it is safer to use a PES averaged over the vibration of the diatomic molecules than a PES obtained for a fixed intermolecular distance.
Rate coefficients for transitions involving the lowest 25 fine-structure levels of the NH molecule were determined for temperatures ranging from 1 to 350 K. We have found that the strongest collision-induced transitions are the F-conserving transitions (∆ j = ∆N in the Hund's case (b) limit) even if the magnitude of the cross sections and rate coefficients corresponding to F-changing transitions is, in some case, very similar to that of F-conserving transitions.
We found a reasonable agreement with the main features of the experimental rate coefficients measured by Rinnenthal and Gericke 9 at room temperature. However, differences exist between the two sets of rate coefficients, especially for the intensity of the state-to-state rate coefficients. We hope that the new rate coefficients determined in the present study will stimulate new experiments of rotational energy transfer in collisions of NH with Ne atoms.
